T he transition between intrauterine and extrauterine life is one of the most dramatic and fundamental phenomena in biology. What evolution accomplished over millions of years (namely, the emergence of life from the sea into a terrestrial environment) must be achieved in a matter of hours through spontaneous labor and delivery in viviparous species. Hugo Lagercrantz and Theodore Slotkin 1 emphasized the importance and adaptive value of intrapartum stress in their seminal article "The 'Stress' of Being Born." The authors described 4 main transitions that occur at birth: (1) emergence from an aquatic environment where oxygen is acquired through the placenta to a dry environment in which respiratory exchange occurs through the lungs, (2) change from a warm environment in which the fetus has a temperature that is 1 degree higher than the mother on average to a cooler environment at room temperature, (3) moving from a continuous supply of nutrients through the placenta to intermittent feeding in the neonatal period, and (4) going from a sterile bacterial environment to the establishment of the neonatal microbiome (eg, skin, respiratory tract, gut). Lagercrantz and Slotkin's views have gained relevance with time and are now buttressed by a considerable body of work suggesting that the microbiome plays an important role in the developing immune system. [2] [3] [4] [5] In this issue of the Journal, Cho and Norman 6 review the evidence of short-and long-term consequences of cesarean delivery on the immune system. The authors present a thoughtful review of the data, which suggests that infants born by cesarean delivery are at increased risk for type I diabetes mellitus, asthma, allergies, and gastrointestinal disorders, among other conditions. After assessing the strengths and weaknesses of epidemiologic evidence, Cho and Norman focus on the potential mechanisms that may underlie such a predisposition. Three major mechanisms are reviewed: (1) acquisi-tion of an atypical microbiome at birth, (2) the effect of labor on the immune system, and (3) the development of memory of the first 2 events through epigenetic changes that modify the immune response and predispose to immune-related disorders (such as asthma or type I diabetes mellitus).
Acquisition of the first microbiota
Under normal circumstances, the fetus lives in an environment devoid of bacteria as determined by cultivation of amniotic fluid or the use of molecular techniques (the situation for viruses has not been adequately studied). 7, 8 Birth constitutes a critical stage for the acquisition of the first microbiota. During the process of vaginal delivery, the conceptus is exposed to the vaginal microbiota, [9] [10] [11] and such bacteria become the pioneer microorganisms that invade the formerly sterile body of the infant and establish the first neonatal microbiota. 12 Using sequence-based techniques, Dominguez-Bello et al 13 demonstrated that infants born by cesarean delivery are colonized with bacteria similar to that found on maternal skin; those infants born by vaginal delivery had flora close to that of the vagina. One may think that this state of affairs would be a transitory phenomenon that could be altered rapidly by breastfeeding, ingestion of food, and other activities. However, follow-up studies have shown that the number of bacteria in the stool of infants born by cesarean delivery is lower than that of those born by vaginal delivery; this difference persists long after the first days of life. Qualitative differences in bacterial composition in the stool have been documented 6 months after birth 14, 15 and, in one study, 7 years later. 16 Why would differences in the microbiota acquired at birth be important? There is now compelling evidence that microbial exposure shapes the nature of the innate and adaptive immune response. 17, 18 Exposure to bacteria is critical to the education of the immune system. 18, 19 This is consistent with the observation that neonates born by cesarean delivery have a higher number of immunoglobulin A-and G-secreting cells than those who are born vaginally. 20 When thinking about the importance of microbiota, it is worth reflecting on the fact that the human body harbors at least 100 trillion microbial cells 21 and a quadrillion viruses. 22 Therefore, numerically, each of us consists of more microbes than human cells-we are symbionts, and microbes contribute substantially to human life. 23, 24 Changes in the intestinal microbiome have been implicated in physiologic and pathologic states. Earlier this year, the laboratories of Ruth Ley and Rob Knight reported that the gut microbiota of pregnant women changed drastically from the first to the third trimester. 25 When stool from women in the third trimester was administered to germ-free mice, they experienced greater adiposity and insulin resistance. 25 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56 sistent with other observations that support a role for intestinal microbiota in the regulation of energy disposition. Indeed, the intestinal microbiota of obese patients is different from nonobese individuals. 26, 27 Moreover, feeding germ-free mice the stool of obese individuals has been reported to result in weight gain, compared with feeding mice the stool of nonobese individuals. 28 Supplementation with a methyl donor-rich diet during pregnancy has been reported to increase the frequency of experimental asthma in the offspring. 29 Perplexing as this may sound, a recent study suggests that normal gut microbiota play a role in brain development and behavior, which has led investigators to consider the existence of a brain-microbiome axis. 30, 31 So, if the phrase "you are what you eat" was born out of an ideologic belief in the importance of diet, scientific evidence is now coalescing to confer validity to this notion.
Disease states such as autism, 32 type II diabetes mellitus, 27, 33, 34 inflammatory bowel disease, 35, 36 and gastric cancer 37 have been associated with changes in the intestinal microbiota. A role for bacteria has also been implicated in susceptibility to influenza, 38 retrovirus transmission, 39 and/or colon cancer. 40 Rapidly emerging evidence supporting the idea that microbial colonization of the gastrointestinal and respiratory tract in the perinatal period has an important role in the development of mucosal homeostasis and in the predisposition to chronic inflammation. 18 The full scope of the effect of the microbial-host interaction during human development and its consequences later in life remain to be understood. 41 It is possible that allergic and autoimmune diseases may constitute only part of a broad spectrum of disorders that result from disturbances in the acquisition of the first microbiota, its disturbance over time (eg, with diet, antibiotics), and subsequent host-microbial interactions.
The effect of labor on the immune response
One may expect that an individual who lives in a sterile intraamniotic environment would need to prepare its immune system to adapt to the microbial world of postnatal life. How does this happen? For several decades, there have been hints in the literature that labor primes the immune response.
In 1981, Charles Dinarello et al 42 reported that supernatants from white blood cells of neonates who were born after a vaginal delivery (when incubated with heat-killed bacteria) were able to elicit a temperature elevation in rabbits, a standard bioassay to determine the presence of endogenous pyrogens. However, this change in temperature could not be elicited or was very weak when the experiment was repeated with supernatants of white blood cells from neonates born by cesarean delivery before the onset of labor. Subsequently, it was found that endogenous pyrogens were cytokines that not only induced a fever but also enhanced the activity of the immune system. 42 We now know these cytokines to be interleukin-1, tumor necrosis factor-␣, and others. Thirty years after the experiment of Dinarello et al, we know that umbilical cord white blood cells of fetuses born by cesarean delivery without labor produce less interleukin-1, tumor necrosis factor-␣, and interleukin-6 than those of neonates born by vaginal delivery. [43] [44] [45] This interpretation is consistent with evidence that fetal white blood cells of women in term or preterm labor are activated, determined by flow cytometry. 46 Thus, labor enhances the activity of the immune system, and we would argue that it does so to prepare for the transition from a sterile to a nonsterile environment.
How can information about exposure to the first microbiota and labor be stored by the immune system?
Even if the microbiota of neonates born after a cesarean delivery is different from that of neonates born vaginally, and if foregoing labor could lessen the activity of the immune system, this information would need to be remembered for an individual to be predisposed to an immune disorder later in life. Is this possible?
Memory is an important feature of the immune system; it accounts, among other things, for the success of vaccination. Exposure to microorganisms transforms naïve T cells into memory T cells (often called "pathogen-specific memory lymphocytes"). 47 Epigenetic changes (mediated through gene methylation and chromatin modifications) are considered the molecular basis of immunologic memory. Schlinzig et al 48 first reported that umbilical cord leukocytes obtained at the time of cesarean delivery have a higher degree of global methylation than those obtained after vaginal delivery, and proposed that vaginal delivery is associated with global demethylation. Because methylation "silences" gene expression, this is an attractive mechanistic explanation for the priming of the immune response that is observed with the stress of labor. After the online publication of the review by Cho and Norman, 6 a study from the University of Michigan reported no difference in global methylation of leukocytes that were obtained from neonates born by cesarean or vaginal delivery. 49 However, this does not exclude the possibility that exposure to labor affects the epigenome in a gene-specific (rather than global) manner. The next step is to determine whether labor elicits epigenetic changes in genes that are involved in the immune response.
Does cesarean delivery before labor predispose to type I diabetes mellitus, allergies, and asthma?
What are we to make of the observation that cesarean delivery is associated with an increased risk of immune-related disorders? The establishment of a causal relationship between prelabor cesarean delivery and conditions diagnosed years or decades later presents a challenge for epidemiology. Specifically, it would be extremely difficult to control for the relevant factors that occur between exposure and the diagnosis of disease that could explain the observed association or to ensure that no meaningful antecedent factors have escaped consideration in estimating these relationships.
Cho and Norman 6 emphasize the limitations of studies in which these associations are based and highlight the complexities in controlling for confounding variables that are notoriously difficult to measure. Importantly, the authors also note that, because some studies did not distinguish between prelabor elective cesarean delivery and emergency cesarean delivery performed after the onset of labor, the magnitude of the positive associations may be underestimated.
Our assessment of the evidence is that there may be an association between prelabor cesarean delivery and the subsequent development of immune disorders diagnosed later in life; however, the magnitude of this association appears modest at this time. For example, a recent metaanalysis estimated that only 1-4% of asthma/allergic rhinitis cases can be attributed to cesarean delivery. 50 We believe that the potential effect of prelabor cesarean delivery in predisposing to later immune disease is worthy of further investigation, given the epidemic nature of cesarean delivery and the accumulating evidence that the microbiota play a critical role in shaping the innate and adaptive immune response. 2 Future investigation about the long-term effects of prelabor cesarean delivery will need to include a systematic survey of the different ecologic niches for bacteria/viruses with the use of sequence-based techniques, to characterize the nature of the immune response over time, and to prespecify the disorders of interest so that potentially confounding factors (genetic and environmental) can be measured appropriately and controlled for (Sensitivity analyses aimed at estimating the potential impact of unmeasured confounders and interactions will also be critical to these efforts.). [51] [52] [53] Who could have predicted that a surgical procedure introduced to save the lives of mothers because of obstructed labor would be performed so frequently in the 21st century 54 for such different indications, [55] [56] [57] and that questions about the long-term effects on the microbiome, immune system, and predisposition to allergic and autoimmune diseases would arise? Such are the unexpected turns of biology and medicine in the context of pregnancy and birth. 13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 69  70  71  72  73  74  75  76  77  78  79  80  81  82  83  84  85  86  87  88  89  90  91  92  93  94  95  96  97  98  99  00  01  02  03  04  05  06  07  08  09  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24   169  170  171  172  173  174  175  176  177  178  179  180  181  182  183  184  185  186  187  188  189  190  191  192  193  194  195  196  197  198  199  200  201  202  203  204  205  206  207  208  209  210  211  212  213  214  215  216  217  218  219  220  221  222  223  224 
